Iron is a natural element found in food, water and soil and is essential for human health. Our aim was to determine the levels of iron and 25 other metals and trace elements in groundwater from 22 households in Prey Veng, Cambodia. Water analyses were conducted using inductively coupled plasma-mass spectrometry and optical emission spectrometry. Compared to the 2011 World Health Organization guidelines for drinking water quality, aluminum, iron and manganese exceeded maximum levels (in 4.5, 72.7 and 40.9% of samples, respectively). Compared to the 2004 Cambodian drinking water quality standards, iron and manganese exceeded maximum levels (in 59.1 and 36.4% of samples, respectively). We found no evidence of arsenic contamination. Guidelines for iron were established primarily for esthetic reasons (e.g. taste), whereas other metals and elements have adverse effects associated with toxicity. Iron in groundwater ranged from 134 to 5,200 μg/L (mean ∼1,422 μg/L). Based on a daily consumption of 3 L groundwater, this equates to ∼0.4-15.6 mg iron (mean ∼4.3 mg/day), which may be contributing to high iron stores and the low prevalence of iron deficiency anemia in Prey Veng women. Elevated levels of manganese in groundwater are a concern and warrant further investigation.
INTRODUCTION
Therefore, it is often assumed that iron deficiency is prevalent among women in Cambodia.
However, in a recent study in Prey Veng province (Karakochuk et al. ) we detected very low prevalence of iron deficiency in women (n ¼ 420). Iron stores, based on serum ferritin concentrations, were unexpectedly high (mean unadjusted ferritin ∼103 μg/L). Serum ferritin is an acute phase protein which means that in the presence of inflammation, levels are elevated. Therefore, it is recommended that serum ferritin concentrations be adjusted for levels of inflammation using inflammation biomarkers (Thurnham et al. ) . However, even after adjustment for inflammation, serum ferritin concentrations remained high in the women (mean adjusted ferritin ∼ 93 μg/L). The prevalence of iron deficiency anemia among women was very low (∼1%) based on common biomarkers (hemoglobin < 120 g/L and ferritin < 15 μg/L, for non-pregnant women of reproductive age). Based on self-reported data, the women in the study were not taking iron supplements, using iron cooking pots, nor consuming iron fortified food products. With the published evidence of elevated iron levels in groundwater in Cambodia (Feldman et al. ; Murphy et al. ) , it is possible that groundwater could be a contributing factor to the high iron stores in the women in Prey Veng.
In addition to iron, elevated levels of arsenic and manganese have also previously been detected in groundwater in some areas in Cambodia (Buschmann et Inorganic arsenic, the form most often found in drinking water, is classified as a human carcinogen (ATSDR ).
Chronic exposure to inorganic arsenic through contaminated water or food has been associated with an increased risk of morbidity and mortality (Berg et al. ; Argos et al. ) . Elevated levels of manganese (400 μg/L) in drinking water have been associated with adverse neurological effects in children (Wasserman et al. ; Bouchard et al. ) . Elevated levels of iron in drinking water (300 μg/L), however, have not previously been associated with significant health risks. The maximum levels of iron in drinking water are set by the World Health Organization (WHO) because of undesirable esthetic properties that are associated with high iron content in water (i.e. poor taste, color and smell) (WHO ).
One successful approach to reduce the iron content and to improve microbial water quality at the household level has been the implementation of point-of-use water filtering systems. In Cambodia, the BioSand filter is a commonly used household filter. It is a slow sand filter that was originally designed to reduce microbial contamination in drinking water (WSP ). The BioSand filter, when installed correctly, can achieve reductions of up to ∼99% removal of both bacteria and iron (Murphy et al. ; Stauber et al. ) . However, the availability and regular use of filtering systems in Prey Veng province is not well known.
The primary aim of this study was to determine the level of iron in groundwater in a subset of households including women participating in a larger study in Prey Veng (Karakochuk et al. ). We hypothesized that groundwater could be a contributing factor to the high iron stores of these women. The secondary aims were to determine the levels of 25 other metals and trace elements in groundwater and compare those levels to recommended minimum and maximum levels based on both chemical and nutritional quality; and to investigate the availability of and compliance with BioSand filtering systems in households. Sang and Svay Antor) of rural Prey Veng province in May 2014 at the end of the dry season. The 10 villages were randomly selected from a list of all villages in the four districts in Prey Veng province. From each of the 10 villages, two to three water samples were collected from randomly selected households within the catchment area of the village. If a household did not have a groundwater well, or if no family members were home at the time of visit, the next nearest household was visited. A hand-held global position satellite device (Garmin ® eTrex 10) was used to record coordinates of each groundwater well in order to confirm the geographical location of each well. Water consumption and treatment practices of the household were recorded at the time of the water sample collection, including availability of a water filtering system, compliance and regular use of the filtering system if it was available, and descriptions of the esthetic properties of the water (i.e. taste, color and smell).
METHODS
A total of 22 water samples were taken directly from the well at each household. Before collection of the water samples, the wells were pumped for 90 seconds to initiate continuous water flow and avoid contamination of samples due to stagnant water in the pipe. An estimated quantity of 125 mL water was collected in an acid-washed polyethylene plastic container provided by the laboratory conducting the analyses (Agat Laboratories, Canada). In addition, filtered water samples were taken from a BioSand filter at three random households that reported use of a filter. The water samples from these filters were collected immediately and directly from the spout of the BioSand filter. For these households, untreated water samples were also collected directly from the well. The EAR is the average daily nutrient intake level estimated to meet the requirements of ∼50% of a healthy population.
The RDA is an average daily dietary intake level that is sufficient to meet the nutrient requirements of ∼97.5% or more of a healthy population and is calculated using the EAR value. The AI is an estimated value that suggests a recommended intake when there is insufficient scientific evidence to establish an EAR. The UL is the highest level of daily nutrient intake that is likely to pose no risk of adverse health effects to ∼99% in the general population (NRC ).
For the 13 metals or trace elements with an established EAR, AI, RDA or UL, estimated levels of daily intakes (based on consumption of ∼3 L groundwater daily) were compared to the available DRIs. We speculate that the average Cambodian woman would consume ∼3 L of groundwater daily. A recent unpublished report on the dietary intakes of women in Prey Veng (using 24-hour dietary recall methods and survey questionnaires) suggests that the mean water intake of women in Prey Veng is ∼7.9 cups per day (∼2 L water) solely as drinking water (V. Verbowski, personal communication, The University of British Columbia). However, this does not include water from tea, soups or other cooking sources using groundwater. In Cambodia, rice is a staple food and is consumed on a daily basis in most households. It requires water for cooking and rice is usually prepared with one part rice to four parts water.
Most of the water will be evaporated during the cooking process; however, the iron in the water does not freely evaporate and remains in the rice. Therefore, the groundwater used to cook rice is also included in our estimation of daily water consumption of women. Therefore, we speculate the average Cambodian woman would consume ∼3 L groundwater daily but recognize that this value is an estimation and would vary among individuals. Our results that refer to the estimated ∼3 L groundwater should therefore be interpreted with these considerations in mind.
IBM SPSS ™ software v.22 (Armonk, NY, USA) was used to conduct statistical analyses. Median values, mean values and standard deviations were used to describe the data.
RESULTS
A total of 25 water samples were collected from 22 households in 10 villages in Prey Veng province. Data on the consumption, water treatment and filtering practices were obtained from women caregivers at the household level (self-report) at the time of water sample collection (Table 1 ). Data on whether or not a household had a filtering system were missing for four households (∼18%) and
data on whether or not a household reported red sediment in the water after 1 day were missing for six households (∼27%). The study area of Prey Veng province is shown in Figure 1 .
The groundwater samples (unfiltered) were analyzed for a total of 26 metals and trace elements. On average, an intake of 3 L would provide ∼10% of the UL for iron and manganese, however much less (<2%) for the remaining metals and trace elements. None of the individual groundwater samples came close to levels that exceeded the UL for these 12 elements.
In a subset of three households, water samples were taken directly from the groundwater well and also from the BioSand filter (after filtering). Levels of iron (Table 4) were compared before and after filtering with the BioSand filter. Water filtered with the BioSand filter had significantly less iron content: ∼98-99% of iron was removed through the filtering process.
DISCUSSION

Iron levels in groundwater
We detected elevated levels of iron in groundwater from for women aged 19-30 years (NRC ) as iron is required for required for oxidative energy metabolism, red blood cell production and oxygen transport, as well as other important functions (Gibson ; Ganz ). Therefore, it was the aim of our study to determine levels of iron in groundwater and assess if the water source could be contributing to the high iron stores observed in women in Prey Veng. We speculated that the average Cambodian woman would consume ∼3 L of groundwater daily, including drinking water, tea, soup or other cooking sources using groundwater.
This would equate to ∼0.4-15.6 mg of iron consumed daily, with a mean value of 4.3 mg iron and a median value of 3.5 mg iron. This is a large contribution of iron to daily dietary intakes (∼24% of the RDA or ∼53% of the Estimated daily intakes of minerals and trace elements were calculated using mean values and based on consumption of 3 L groundwater daily (drinking water, tea, soups, or other cooking sources using groundwater, namely rice). c The UL for magnesium applies only to magnesium consumed as a supplement or fortificant. iron content of the mineral water in the England study (∼300,000 μg iron/L) was substantially higher than the groundwater in our study (mean ∼1,422 μg iron/L), the groundwater in our study was very acidic, which increases the solubility and bioavailability of the iron. We suspect the iron in our study would be comparatively bioavailable.
Researchers in other parts of Asia have observed that increased groundwater iron is positively and significantly associated with increased iron stores in women. In rural Bangladesh, the median daily iron intake from groundwater was estimated at ∼41 mg/day (Merrill et al. ) . Merrill et al.
() then found that increased groundwater iron content was significantly correlated with plasma ferritin (r ¼ 0.36) and total body iron (r ¼ 0.35) in women in Bangladesh.
Although median levels of iron in groundwater were much lower in our study (∼3.5 mg/day) as compared to the Bangladesh study (∼41 mg/day), the iron could still be accumulating and contributing to iron stores in women in our study, but at a slower rate than observed in the Bangladesh study. We did not attempt to correlate groundwater iron content with iron status of individual women in our study as the number of unfiltered water samples collected was too small (n ¼ 22) to detect statistically significant associations.
As noted previously, the recommended maximum levels of iron in drinking water are based on esthetic concerns (WHO ). Iron content in groundwater has not previously caused concern in terms of potential health risks (WHO (World Health Organization) ). However, there is a potential risk of iron overload in populations with hemoglobinopathies, or genetic hemoglobin disorders (Bain ). In Cambodia, these disorders are common and affect ∼50% of 
Manganese levels in groundwater
The other metal that was elevated in the groundwater samples and is of potential concern was manganese. These . Elevated manganese in drinking water is a concern as it has been associated with neurological impairment in children However, manganese, similar to iron, is also an essential nutrient in the human body. A daily intake of 1.8 mg/day (AI) is recommended for women aged 19-30 years (NRC ) as manganese is required for optimal bone health, energy and protein metabolism, and regulation of cell metabolism (Keen et al. ) . Although none of the groundwater samples had levels of manganese that met the AI, some samples were relatively close, suggesting that groundwater provides a substantial contribution to daily recommended intakes of manganese. Of particular interest, none of the samples were close to reaching the UL, not even the samples that exceeded the CMIME and WHO water quality standards.
Bouchard et al. () speculated that manganese from groundwater was significantly more bioavailable than manganese from food sources based on correlations between manganese in hair samples and manganese in water. However, some researchers have highlighted several limitations of the Bouchard study (Chen & Lopes ) , indicating that these findings would ideally be substantiated with studies that quantify the bioavailability of manganese from both water and food sources. Hence, more research is warranted in this area before we can draw conclusions that excess manganese presents a greater risk of toxicity when consumed from water rather than food sources. Further research is also warranted to investigate levels of manganese in groundwater in other geographical regions and the consequences of elevated manganese levels in drinking water in populations of differing age and geographical location.
Other metals and trace element levels in groundwater
Aluminum was elevated (100 μg/L) in one sample. However, the majority of samples (18 of the 22) were well below 50 μg/L, suggesting that aluminum in groundwater is not a major concern. Some researchers have speculated that elevated aluminum levels in drinking water is a risk factor for the development of Alzheimer's disease. However, there is insufficient evidence to prove an association. Therefore, it has been concluded that elevated aluminum in drinking water does not currently pose any significant health risk to humans (WHO ). The low compliance rate of BioSand filters reported in our study highlights a potential problem and warrants further investigation.
Strengths and limitations
Strengths of this study include that it is the first study to our knowledge to evaluate both the chemical and nutritional quality of groundwater in Cambodia. Limitations of this study include that it was conducted in small sample of 22 households and findings cannot be extrapolated to other geographical regions. We did not measure the oxidationreduction potential in the ground water samples collected, which could have provided more information about the form and bioavailability of the iron in the samples. We did not investigate microbiological contamination of the water which is another important factor related to water quality.
Microbiological contamination of drinking water can cause an increased risk of diarrhea or other co-morbidities and thereby increase the risk of mortality in infants and children (Lanata et al. ) . Whereas the primary aim of our study was to investigate the levels of iron in groundwater.
We did not attempt to detect an association between groundwater iron content in the household and biochemical iron stores (serum ferritin concentration) in women in the study. Therefore, we can only speculate that higher levels of iron in groundwater could contribute to iron stores in women, based on similar research conducted in Bangladesh (Merrill et al. ) .
CONCLUSIONS
We conclude that groundwater from wells in our study in the province of Prey Veng, Cambodia contained elevated levels of iron and manganese, but not arsenic. Iron in the well water from some households was considerably elevated (up to 5.2 mg/L). It is theorized that iron found in the households' drinking water could be contributing up to 15.6 mg iron/day to some women's diets. Consequently, it is likely that the iron was contributing to the high serum ferritin concentrations (and therefore a lack of iron deficiency anemia) observed in a recent study (Karakochuk et al. ) including women from the same households where groundwater samples were collected.
A daily intake of 3 L groundwater would provide about a quarter of the RDA for iron (and about a half of the EAR for iron) and two-thirds of the AI for manganese. Other than manganese and iron, none of the other 11 metals and trace elements that have established DRIs provided a substantial contribution to recommended dietary intakes or indicated a risk of excess intake in the groundwater samples.
As expected, the BioSand filter was successful in removing iron from the water (98-99% iron removal) in the three households in our study. However, it is important to note that only ∼33% of the households (n ¼ 7) reported having a filtering system available, and only ∼14% of households (n ¼ 3) reported using any type of filter before consuming water from ground wells (∼42% compliance).
Further research is needed to characterize the groundwater quality in other geographical regions of Cambodia, particularly the occurrence of iron and manganese. Studies linking the presence of elevated iron in groundwater with elevated iron stores in women are needed to substantiate the potential of groundwater as a contribution to dietary iron intakes. Investigation of the potential risk of iron overload from groundwater in those individuals with severe forms of hemoglobinopathies cannot be ignored and warrants further research.
